




NASA Technical Memorandum 86402

Determination of Corrections to

Flow Direction Sensor Measurements

Over an Angle-of-Attack Range

From 0 ° to 85 °

Thomas M. Moul

Langley Research Center

Hampton, Virginia

NI A
National Aeronautics

and Space Administration

Scientific and Technical

Information Branch

1985





Summary

An investigation has been conducted into the na-
ture of corrections for flow direction measurements

obtained with wingtip-mounted sensors. Corrections
have been determined for the angles of attack and
sideslip measured by sensors mounted in front of each
wingtip of a rectangular-wing general aviation air-
plane. These flow corrections have been obtained

from both wind-tunnel and flight tests over an angle-
of-attack range from 0 ° to 85 °. Both the angle-of-
attack and angle-of-sideslip flow corrections were
found to be substantial. The corrections were a

function of the angle of attack and angle of sideslip.
The effects of wing configuration changes and spin-
ning rotation on the angle-of-attack flow correction
were found to be small. The angle-of-attack flow
correction determined from the static wind-tunnel

tests agreed reasonably well with the correction de-
termined from flight tests.

Introduction

In quantitative flight test investigations it is of-
ten desirable to reduce the flight data to a form that

can be compared directly with wind-tunnel data or
theoretical predictions. An essential flight quantity
for this comparison is the true angle of attack of the
airplane. Typically, the angle of attack during flight
tests is measured with a self-aligning vane or flow
direction sensor (ref. 1). For single-engine general
aviation airplanes, the sensors are often mounted on
booms ahead of the wing near each wingtip and mea-
sure the local flow direction. To determine the true

angle of attack of the airplane, corrections must be

applied to this measured local flow direction (called
the measured angle of attack herein) to account for
the change in the flow direction at the sensor loca-
tions because of the presence of the airplane.

For airplanes in the normal, unstalled flight
regime, this flow correction may be easily determined
both experimentally and theoretically (ref. 2). Ex-
perimentally, when an airplane is in steady, straight
and level flight, the true angle of attack is given ei-
ther by the pitch attitude measurement or by the
inverse sine of the longitudinal acceleration measure-

ment (refs. 3 and 4). Theoretically, the flow correc-
tion in front of the wing may be determined by using

lifting line theory (refs. 5 and 6).
However, at angles of attack above the stall, most

of these methods are no longer usable. The flight test
technique cannot be used because the airplane can no
longer achieve steady level flight at angles of attack
above the stall. Also, the lifting line theory is no
longer valid because of the separated flow over the

wing. In fact, the nature of the flow correction at
these large angles of attack is not well-known.

One field of study in which the knowledge of this
flow correction at large angles of attack is needed is

in spin flight testing. At the large angles of attack en-
countered during spin flight tests, the flow correction
is substantial and, therefore, must be applied to the
flight data to enable correlation with data from other
sources (ref. 7). Also, any theoretical methods used
in predicting or analyzing spin characteristics would
require the true angle of attack to be known. Thus,
an understanding of the flow correction at large an-
gles of attack is important in the study of spinning
flight.

Preliminary investigations into the nature of the
flow correction at large angles of attack have shown
that the correction can be substantial (refs. 8 and 9).
However, these reports looked only briefly at the
flow correction encountered on one general aviation
configuration. Thus, it was deemed necessary to
undertake a more extensive study of flow correction
and to obtain flow correction data for a different

general aviation configuration.
This paper presents the results of a study to de-

termine the flow corrections to be applied to the mea-
surement of the angles of attack and sideslip over a
large angle-of-attack range. This paper is a short-
ened version of a thesis (ref. 10) that was submitted
in partial fulfillment of the requirements for the De-
gree of Master of Science at George Washington Uni-
versity, Washington, D.C., August 1983. The present
work includes the determination of the flow correc-

tion from both wind-tunnel and flight tests of a gen-
eral aviation research airplane.

A 1/6-scale model of the general aviation research
airplane was tested in the Langley 12-Foot Low-
Speed Tunnel. The model was tested over a large
angle-of-attack range, and the effects on the flow cor-

rection due to changes in flow parameters and config-
uration changes were determined. The same model
was also tested on the rotary-balance apparatus lo-
cared in the Langley Spin Tunnel. The model was
tested up to an angle of attack of 90 ° at different
rates of rotation.

The general aviation research airplane was flown
in steady, straight and level flight to obtain a low-
angle-of-attack flow correction. The same airplane
was used to gather data during extensive spin flight
testing. Three different analytical methods were
applied to the data to determine the flow correction
during spinning flight.

Symbols

Quantities were measured with respect to the sta-
bility axes, ground axes, and body axes. The body



systemof axeswith definitionsand signconvention
of someof themeasurementsareshownin figure1.
Valuesaregivenin theInternationalSystemof Units
(SI)with equivalentvaluesin U.S.CustomaryUnits.
Conversionfactorsare foundin reference11. Mea-
surementsandcalculationsweremadein U.S.Cus-
tomaryUnits.

A resultant-accelerationvector,g units

Ac centrifugal acceleration, m/sec 2

(ft/sec 2)

AX, AZ linear-acceleration vectors along Xg
and Zg ground axes, respectively,
g units

aw acceleration along velocity vector,
g units

ax, ay, az linear accelerations along Xb, Yb,
and Z b body axes, respectively,
g units

b wing span, m (ft)

C constant, (1 + ay sin_)/cosf_

CD drag coefficient, Drag/qooS

CL lift coefficient, Lift/ qoo S

CR resultant-force coefficient,

(@ + c )1/2

Cm pitching-moment coefficient,
positive nose up,
Pitching moment / qooS_

wing mean aerodynamic chord, m
(ft)

Fg gravity force, N (lb)

Fw force along velocity vector, N (lb)

g acceleration due to gravity (where

lg = 9.81 m/sec 2 (32.17 ft/sec2))

h altitude, m (ft)

h altitude rate, m/sec (ft/sec)

I,J,K unit vectors along Xg, Yg, and Zg
ground axes, respectively

unit vectors along Xb, Yb, and Z b
body axes, respectively

direction components of X_ in body
axes

misalignment of boom in angle-of-
attack direction at 0g, deg

i,j, k

i,j,k

K_

Lbw

_j, m j, nj

t ! I

_j, m j, nj

m

p,q,r

qc_

R

R8

S

u,y,w

_, V, W

VT

VT

VT, c

VT_m

Xb ,Yb, Zb

xg, yg,zg

x, y, z

C_

OLa

misalignment of boom in angle-of-
sideslip direction at 0g, deg

transformation matrix from wind

axes to body axes

direction cosines in body axis
system of J ground axis

direction cosines in ground axis
system of j body axis

mass, kg (slugs)

angular velocity about Xb, Yb, and
Z b body axes, respectively, deg/sec

free-stream dynamic pressure, Pa

(lb/ft 2)

Reynolds number, VT_/V

radius of spin, m (ft)

wing area, m 2 (ft 2)

linear velocities along Xg, Yg, and
Zg ground axes, respectively, m/sec
(ft/sec)

linear velocities along Xb, Yb, and
Z b body axes, respectively, m/sec
(ft/sec)

total velocity, m/sec (ft/sec)

total-velocity vector, m/sec (ft/sec)

local-flow total velocity with boom
and flow direction sensor in calibra-

tion apparatus, m/sec (ft/sec)

local-flow total velocity with boom
and flow direction sensor mounted

on model, m/sec (ft/sec)

body axes

ground axes

vector along Xg ground axis

distance along Xb, Yb, and Z b body
axes, respectively, from c.g. to flow
direction sensors, m (ft)

angle of attack, deg

change in angle of attack caused

by mounting boom bending under
static air load, deg

change in angle of attack caused
by mounting boom bending under
inertial load, deg
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ad

am

&m

at

(_t

au

av

_8

5

5a

c_

change in angle of attack caused by
vehicle rotation, deg

measured angle of attack, deg

average measured angle of attack,

°_mtR_-°_m'L deg2

true angle of attack, deg

average true angle of attack,

_t'R-[-(_t'L deg2

change in angle of attack caused by
upwash from mounting boom, deg

angle-of-attack vane floating angle
(caused by mass unbalance or by
warp in vane surface), deg

angle of sideslip, deg

change in sideslip angle caused by
mounting boom bending under
static air load, deg

change in sideslip angle caused by
mounting boom bending under
inertial load, deg

change in sideslip angle caused by
vehicle rotation, deg

measured angle of sideslip, deg

average measured angle of sideslip,

13m'R-_-I_mtL deg2

change in sideslip angle caused by
sidewash from mounting boom, deg

true angle of sideslip, deg

sideslip-vane floating angle (caused
by warp in vane surface), deg

flight path angle, deg

helix angle of flight path measured
from the vertical, deg

aileron deflection, deg

angle-of-attack flow correction, deg

average angle-of-attack flow correc-

tion, c_,n+C_,L, deg2

angle-of-sideslip flow correction, deg

average angle-of-sideslip flow

correction, C_,L--C/3,R deg2

airplane pitch attitude, deg

_st

#

12

12b/ 2VT

Subscripts:

b

cg

L

m

R

8

W

model mounting strut angle, deg

angle between flight path and X b
body axis, deg

kinematic viscosity, m2/sec (ft2/sec)

angle between resultant-acceleration

and resultant-rotation vectors, deg

angular velocity about spin axis,
deg/sec

angular-velocity vector, deg/sec

spin coefficient, positive for clock-
wise spins

body axis system

at center-of-gravity location

left

measured

right

at sensor location

wind axis system

Abbreviation:

c.g. center of gravity

Background

The angles of attack and sideslip are often mea-
sured in flight by flow direction sensors mounted on
booms attached to the airplane. To determine the
true angles of attack and sideslip, a number of correc-
tions must be applied to the indicated measurements

of the sensors. The correction equations, taken from
reference 12, with some modifications, are

at = am -- _a -- ad -- aa -- a b -- au -- av -- Ks (1)

Zt=Zm- Z-Z -Z -Zb-Z -Z.-Kz (2)

If care is taken in the design, manufacture, and
installation of the mounting boom and sensors, many
of these terms can be neglected. In this paper the
following correction equations will be used:

at _-am,Ca--a d (3)

= -- -- (4)

During the static wind-tunnel tests, the model was
not rotating and the equations may be simplified to
yield

at = am - (5)

_t = _m - e_ (6)
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Test Configurations

Flight Test Airplane

A single-engine, low-wing, general aviation spin

research airplane (fig. 2) was used in the flight tests

reported herein. A three-view drawing of the air-

plane is shown in figure 3. Some of the pertinent

physical characteristics of the airplane are given in
table I.

The test airplane was equipped with a flow direc-

tion and velocity sensor (ref. 1) mounted on a boom
ahead of each wingtip (fig. 4). Each sensor pivot was

located 1.06 m (3.49 ft) or 0.79 _ in front of the wing

and 4.41 m (14.47 ft) or 0.88b/2 outboard from the

airplane centerline. The sensors measured the angles

of attack and sideslip and the true airspeed of the

airplane. The angle-of-attack and angle-of-sideslip

sensors were calibrated before each flight. The accu-

racy of the angle-of-sideslip sensor was about ±1/2 °

whereas the accuracy of the angle-of-attack sensor

was about ±1 ° (ref. 3).

Modifications to the wing and body were flight

tested to evaluate their effect on the spin character-

istics of the airplane. One of the wing modifications
was found to improve the spin resistance of this class

of airplanes (ref. 13). This modification consisted of

a glove over the forward part of the airfoil that pro-

vided a 3-percent-chord extension and a droop that

increased the leading-edge camber and radius (fig. 5).

This leading-edge droop modification could be added

to the full span of the airplane wing, but it was seg-

mented so that different spanwise lengths could also
be tested.

The research airplane was also equipped with

hydrogen peroxide rockets mounted on each wingtip

(ref. 14). The rockets could be used to stop the

airplane from spinning or to increase the spin rate
of the airplane.

Wind-Tunnel Model

A 1/6-scale model of the spin research airplane

was tested in the Langley 12-Foot Low-Speed Tunnel

and in the Langley Spin Tunnel. The model had nei-

ther landing gear nor a propeller. The rear fuselage
section, including the horizontal and vertical tails,

was removed to facilitate mounting the model in the

12-Foot Wind Tunnel. A drawing of the model as

tested in the 12-Foot Tunnel is shown in figure 6. In

the Spin Tunnel the model was tested with both the
horizontal and vertical tails on.

The model was equipped with two flow direction

sensors (fig. 7) that were similar to those used on

the research airplane. The flow direction sensors
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were mounted on 6.35-mm-diameter (0.25-in.) cylin-

drical rods that positioned the sensors in front of

each wingtip. The sensor pivot was located 17.7 cm

(6.97 in.) or 0.79 _ in front of the leading edge of

the wing. The pivot was located 73.4 cm (28.9 in.)

or 0.88b/2 outboard from the centerline of the model.

This sensor location corresponded to the sensor loca-
tion on the full-scale research airplane. The sensors

measured the local angles of attack and sideslip. The
angle-of-attack measurements were repeatable within

-4-1° and the angle-of-sideslip measurements were re-

peatable within t2 ° .

The model had movable ailerons allowing deflec-

tions up to ±25 °. A scaled version of the leading-edge

droop modification tested in flight could be applied
to the forward portion of the model airfoil. This

droop modification was also segmented so that dif-
ferent spanwise lengths could be tested.

Test Techniques and Conditions

Wind-Tunnel Tests

Static tests. The 1/6-scale model of the research

airplane was tested in the Langley 12-Foot Low-

Speed Tunnel, which has a 3.66 m (12 ft) octagonal

test section. Figure 8 shows the model mounted in
the wind tunnel. To help understand the basic na-

ture of the flow corrections, aerodynamic forces and
moments acting on the model were measured with

an internally mounted, six-component, strain-gauge
balance. The moment data were nondimensionalized

and presented as body axis rolling-, yawing-, and

pitching-moment coefficients for a center-of-gravity
position of 0.21_. The force data were nondimension-

alized and transferred to the stability axis system and

presented as lift, drag, and side-force coefficients.
Most of the tests were conducted at a free-stream

dynamic pressure of 19.5 kg/m 2 (4 psf), which cor-

responded to a velocity of 17.7 m/sec (58.0 ft/sec)
and a Reynolds number of 0.27 × 106, based on the

mean aerodynamic chord of the wing. The model was

tested over an angle-of-attack range from 0 ° to 85 °

and an angle-of-sideslip range from -20 ° to 20 ° . Be-

cause the force and moment data were used only to
show trends, the data were not corrected for tunnel

upwash (about 2° for this test).

The leading-edge droop modification discussed

previously was tested in two lengths. The outboard

droop extended from 0.57b/2 to 0.95b/2 on each wing

and the full-span droop extended from the fuselage
to 0.95b/2 on each wing. The effects of aileron

deflections, sensor location, and angle of sideslip on

the flow corrections were also investigated.



To account for flow irregularities in the tunnel,
a calibration was conducted. To accomplish this,
the booms and sensors were removed from the model

and placed in a calibration apparatus. This appa-
ratus positioned the booms and sensors at the same
point in the tunnel as they were when mounted on
the model. With the model out of the tunnel and

the booms and sensors in this calibration setup, the
sensors measured the true or free-stream angles of
attack and sideslip as a function of the model mount-
ing strut angle 0st (fig. 9(a)). Calibration runs were
made at angles of sideslip from -20 ° to 20 ° and at
angles of attack from 0 ° to 85 °.

After the calibration runs were made, the booms
and sensors were mounted on the model and the

model tests were conducted. In this configuration
the sensors gave the measured angles of attack and
sideslip as a function of the mounting strut angle
(fig. 9(b)).

Rotary tests. The 1/6-scale model of the research
airplane was also tested in the Langley Spin Tun-
nel using the rotary-balance apparatus (fig. 10 and
ref. 15). A six-component strain-gauge balance was
used to measure the forces and moments acting on
the model while subjected to rotational-flow condi-
tions. The data were nondimensionalized and pre-
sented as body axis force and moment coefficients
for a center-of-gravity position of 0.216.

The tests were conducted at an airstream velocity

of 7.6 m/sec (25 ft/sec), which corresponded to a
Reynolds number of 0.12 × 106, based on the mean
aerodynamic chord of the wing. The model was
tested over an angle-of-attack range from 8° to 90 ° .
For angles of attack from 30 ° to 90 ° the model
rotated such that the spin axis passed through the
full-scale airplane c.g. location. For angles of attack
from 8 ° to 35 °, the spin axis was set 30.48 cm (12 in.)
in front of the c.g. location. At each angle of attack
both static and rotary data were obtained. The rates
of rotation included values of ftb/2VT of 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 in both clockwise and
counterclockwise directions.

A calibration to account for flow irregularities in
the Spin Tunnel was not conducted. It was felt that
a flow calibration was not as necessary in the Spin
rlNnnel as it was in the 12-Foot Tunnel. This was due

to the fact that during the rotary tests, data were
taken as the flow direction sensors swept around the
tunnel, thus helping to average out some of the flow
irregularities.

Flight Tests

An analog data system with 20 channels of con-
tinuous frequency-modulated data and 28 channels of

time-shared pulse amplitude modulated (PAM) data
was installed on the research airplane. The measured

data were stored on a 9-track magnetic tape at a rate
of 20 times per second. The measured parameters

included the true airspeed and flow angles ahead of
each wingtip, linear accelerations, angular rates, Eu-
ler attitudes, control positions and forces, altitude,
and altitude rate. Table II shows the measurements

used herein to calculate the flow corrections in flight.

Level flight tests. The spin research airplane was
flown in steady, straight and level flight at different
airspeeds to obtain an airspeed and angle-of-attack
calibration. Data were taken at airspeeds rang-
ing from 34.95 m/sec (67.93 knots) to 54.23 m/sec
(105.41 knots). The Reynolds number varied from
3.16 x 106 to 4.89 × 106 with an average of 3.91 x 106.

At each airspeed the airplane was flown over a groun d
course in opposite directions and the results of the
two runs were averaged. From these tests a low-
angle-of-attack flow correction was determined.

Spin flight tests. The research airplane was
flight tested as part of the general aviation stall/spin
program at the Langley Research Center. The spin
flight tests were conducted at the NASA Wallops
Flight Facility following the procedures described in
reference 16. During the spin research program the
airplane was flown with different center-of-gravity
locations and with a number of different leading-edge
droop modifications. On some of the spin flights
the rocket system was fired in a pro-spin direction
in order to look for high-angle-of-attack spin modes.
These different conditions resulted in the airplane
spinning at different angles of attack over a fairly
large angle-of-attack range. This angle of attack
caused the Reynolds number to vary during the spin
tests from 1.95 × 106 to 3.85 x 106 with an average
of 2.68 x 106. Three analytical methods and data

from 15 steady spins were used to calculate the flow
corrections of the spinning airplane.

Reynolds Number Effects

The Reynolds number during the wind-tunnel
tests was approximately a factor of 10 lower than
the Reynolds numbers during the flight tests. Specif-
ically, the Reynolds number was 0.27 x 106 during the
static tests and 0.12 x 106 during the rotary tests,
although the Reynolds number averaged 3.91 x 106
during the level flight tests and 2.68 x 106 during
the spin flight tests. This Reynolds number differ-
ence can make it difficult to compare wind-tunnel
results exactly with flight results. A model of a dif-
ferent general aviation configuration was tested in an-
other NASA wind tunnel in which the test Reynolds



number could be varied over a large range (ref. 17).
Figure 11 compares the lift coefficient of that model

tested at two Reynolds numbers. The low Reynolds
number is close to the value of the Reynolds number
during the wind-tunnel tests, and the high Reynolds
number is close to the Reynolds number during slow
flight. The figure shows the well-known increase in

maximum lift coefficient as well as the stall angle
of attack with an increase of the Reynolds number
(ref. 18).

Although the Reynolds number effect on the
wind-tunnel flow correction data may be significant,
this effect has not been determined. As a result,
the wind-tunnel-determined flow correction should

be applied with caution to full-scale flight data and
can be used to provide only an approximate estimate
of the true angle of attack of the airplane.

Analysis Techniques

Static Wind-Tunnel Tests

Angle-of-attack flow correction. To determine
the angle-of-attack flow correction, data from the
desired model-installed run as well as data from the

appropriate calibration run were used. The angle-of-
attack flow correction ca was the difference between
the measured and the true angles of attack at a
particular strut angle (fig. 12(a)); that is,

ea = am - at (7)

To help account for flow-field irregularities and/or
asymmetries in the model, the angle-of-attack flow
correction measured with the right sensor was av-
eraged with the flow correction from the left sensor.
This average angle-of-attack flow correction was then

plotted against the average of the measured angles of
attack from the left and right sensors.

To look at the effect of sideslip angle on the angle-
of-attack flow correction, the flow correction was

plotted against the measured angle of attack for three
values of sideslip. As the model was sideslipped,
the angle-of-attack flow correction increased at one
sensor location and decreased at the other. Thus, the
average of the angle-of-attack flow correction from
the left and right sensors did not change much as
the model was sideslipped. Therefore, in order to
present the effect of the sideslip angle, the angle-
of-attack flow correction from the right sensor was
plotted against the measured angle of attack from the
right sensor. In this case, data from the right sensor
were used because these data were more consistent
than the data from the left sensor.

dngle-of-sidesllp flow correction. The angle-of-
sideslip flow correction was determined in a manner

similar to the method used in the calculation of

the angle-of-attack flow correction. That is, the

angle-of-sideslip flow correction eft was the difference
between the measured and true angles of sideslip at
a particular strut angle (fig. 12(b)); that is,

  =flm-flt (8)

The angle-of-sideslip flow correction was also av-
eraged, but in a slightly different manner. As the
angle of attack increased, the noses of the sideslip
sensors had a tendency to point toward the center-

line of the model. This represented a positive sideslip
increment for the left sensor and a negative sideslip
increment for the right sensor. Thus, if the angle-of-

sideslip flow correction from both sensors was simply
averaged, the resulting correction would be close to 0.
To determine the magnitude of the angle-of-sideslip
flow correction, the correction from the right sensor
was subtracted from the correction measured by the
left sensor and the result was divided in half. That
is,

_fl,L -- (fl,R (9)_fl-- 2

This averaged magnitude of the sideslip flow correc-

tion was then plotted against either the average mea-
sured angle of attack or the average measured angle
of sideslip.

To look at the effect of the sideslip angle on
the angle-of-sideslip flow correction, that flow cor-
rection was plotted against the measured angle of
attack for three values of sideslip. As the model was
sideslipped, the angle-of-sideslip flow correction in-
creased at one sensor location and decreased at the

other. Thus, the average angle-of-sideslip flow cor-
rection from the left and right sensors did not change
very much as the model was sideslipped. In order to
present the effect of the sideslip angle, the angle-of-
sideslip flow correction from the left sensor was plot-
ted against the measured angle of attack from the left
sensor. Data from the left sensor were used because
these data were more consistent than the data from

the right sensor.

Rotary Wind-Tunnel Tests

The research airplane was found to spin with an
average spin coefficient of about 0.3. Therefore, data
from the rotary wind-tunnel tests for rates of rotation
of _b/2VT = ±0.3 were used over an angle-of-attack
range from 8 ° to 90 ° . While the model was rotating,
the angle of attack at each wingtip was measured by
a flow direction sensor and these measurements were

averaged to obtain a measured angle of attack at the
center of gravity of the model. Next, the measured
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angles of attack at the c.g. were averaged when the
model was rotating to both the right and left. This
averaged measured angle of attack of the model was
then compared with the true angle of attack of the
model to determine the flow correction.

Level Flight Tests

The research airplane was flown in steady, straight
and level flight at which time the true angle of attack
was determined. In level flight, the flight path angle
_/was 0. So, from the equation

0 ----a + "/ (10)

it can be seen that for level flight the true angle of
attack equaled the pitch angle 0. The pitch angle was
simply the angle at which the X body axis was in-
clined to the horizon, and it was found by taking the
inverse sine of the longitudinal acceleration. Thus,

at = 0 : sin -1 ax (11)

Once the true angle of attack was known, it
was subtracted from the measured angle of attack
to determine the flow correction. Finally, the flow
correction was plotted against the measured angle of
attack to determine the characteristics of the flow

correction at low angles of attack.

Spin Flight Tests

Three methods have been used to calculate the

true angle of attack of an airplane in spinning flight.
Two methods have been previously proposed, and the
other method is an extension of an existing technique.
Two methods make assumptions that are typically
not valid for spinning flight and, thus, their value is
questionable. However, since these two methods are
still being used, results of these methods have been
shown to enable comparison with the wind-tunnel
data and a more rigorous method.

Method 1. After the research airplane had been
in a spin for six or more turns, most of the measured
quantities became reasonably constant with time. By
the time that the spin became steady, the velocity
vector had become nearly vertical. For this method,
the airplane velocity vector was assumed to be ori-

ented along the angular-velocity vector. This meant
that the spin axis passed through the center of grav-
ity of the airplane. This assumption implies that the
airplane could not have a spin radius and, thus, its
center of gravity could not move in a helical path.

Once this assumption was made, the airplane
angular-velocity vector could be transferred from the

wind axis system to the body axis system to give
equations for the angular rates as functions of the
flow angles. With these expressions the angular
rates measured during the steady part of the spin
were used to determine the true angles of attack and
sideslip of the airplane in the spin.

Finally, the measured angles of attack and sideslip
were transferred to the center of gravity of the air-
plane, as shown in appendix A. These measured an-

gles of attack and sideslip at the c.g. were compared
with the true angles of attack and sideslip calculated

from this method to determine the angle-of-attack
and angle-of-sideslip flow corrections. The details of
method 1 are presented in appendix B.

Method 2. This method utilized the fact that

once the airplane was in a steady spin it was not
accelerating; therefore, the sum of the forces acting
on the airplane in the vertical direction had to be 0.
This meant that the aerodynamic force in the verti-

cal direction was equal and opposite to the gravity
force acting on the body. Since the linear accelerom-
eters measured the aerodynamic forces acting on the
airplane, these body axis accelerations were resolved

to yield the aerodynamic force along the velocity vec-
tor. It was then assumed that the velocity vector was
aligned with the gravity vector. This meant that the
spin axis passed through the center of gravity of the
airplane (i.e., that the spin radius was 0). Thus, the
center of gravity of the airplane moved downward
along the gravity vector instead of moving around
the spin axis in a helical path. So, for equilibrium,
the aerodynamic force along the velocity vector had
to be equal and opposite to the gravity force. By
using this relation and the measured linear accelera-
tions, the true angle of attack of the airplane could
be determined. Once the measured angles of attack
at the sensors were transformed to the c.g., the flow
correction could be determined. The specifics of this
method are shown in appendix C.

Method 3. A method to calculate the flow

direction angles during a steady spin was proposed
in reference 19. This method was less restrictive

than the previous two methods in that it did not
require the spin axis to pass through the center
of gravity of the airplane. The method used the
measured linear accelerations, angular rates, and
vertical velocity to compute the flow direction angles
of the airplane during the spin. Since some of the
data were measured in the body axes and other data
were measured in the ground axes, a relationship
between the two sets of axes was determined. The

direction of the flight path could then be transferred
from the ground axes to the body axes and expressed



in termsof the true angleof attack andtrue angle
of sideslip. The measuredanglesof attack and
sideslipweretransformedto thec.g.,asindicatedin
appendixA.Finally,themeasuredandthecalculated
or true anglesof attackandsideslipwerecompared
to determinetheflowcorrection.Method3 hasbeen
rederivedin appendixD.

Results and Discussion

Static Wind-Tunnel Tests

Force and moment data. The longitudinal force
and moment characteristics of the basic model are

shown in figure 13. At the relatively low Reynolds
number of these tests, the lift curve reaches a max-
imum value at an angle of attack of 12 °. The
resultant-force coefficient is a combination of the lift

and drag coefficients. It exhibits the decrease in
lift after the stall as well as the large rise in the
drag coefficient at the larger angles of attack. The
pitching-moment coefficient shows that the configu-
ration, with the tails removed, is unstable up to the
stall angle of attack as expected.

Figure 14 compares the lift coefficient data for
the basic configuration with that for the configura-
tions with the outboard and full-span leading-edge
droop modifications. When compared with the basic
configuration, the configuration with the outboard
droop modification exhibits similar stall character-

istics but increased lift in the middle of the angle-
of-attack range. The full-span leading-edge droop
modification increases the maximum lift coefficient

attainable, the stall angle of attack, and the lift in
the middle of the angle-of-attack range.

Basic angle-of-attack flow correction. The true
angle of attack plotted against the measured angle of
attack for the basic model at zero sideslip is shown
in figure 15. The flow correction is the difference be-

tween the data and the at = am line. Figure 16
shows the flow correction plotted against the mea-
sured angle of attack. The data show a reduction
in the flow correction after the stall angle of attack.
This reduction is probably due to the loss of circula-
tion on the wing after the stall. At an angle of attack
of about 20 °, the flow correction starts to increase
again. This increase occurs at almost the same angle
of attack as that at which the lift coefficient begins
increasing again. The flow correction reaches a max-
imum of about 13° at a measured angle of attack of
about 95 ° . It appears that the flow correction is de-
pendent on the drag as well as on the lift because the
general shape of the flow correction curve resembles
the shape of the resultant-force coefficient shown in
figure 13.
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From this flow correction data it may be seen that
for the model at a flat spin attitude (at an angle of
attack near 90°), using the measured angle of attack
instead of the true angle of attack results in an error
of about 15 percent.

Effect of wing-configuration changes. During the

course of the stall/spin program, many wing modifi-
cations were evaluated as to the degree of spin resis-
tance they provided. Also, the effect of the controls
on the spin entry, developed spin, and recovery was
evaluated. Either the addition of modifications to

the wing or the deflection of the ailerons will change
the flow over the wing and, therefore, can possibly
change the flow correction. A number of tests were
made to evaluate the effect of wing modifications and
aileron deflections on the flow correction.

The effect on the flow correction of adding
the outboard droop to the wing is shown in fig-
ure 17. The modification increases the flow correc-

tion slightly between measured angles of attack of
15° and 35 ° . This may be due to the fact that the
wing with the outboard droop modification produces
a larger lift coefficient than the basic unmodified wing
over this angle-of-attack range. This increased lift
would cause increased upwash at the sensor location,
which would increase the flow correction.

Adding the full-span droop to the model affects

the flow correction, as shown in figure 18. Again, the
flow correction is increased between angles of attack
of 15° and 35 ° . This increase may also be attributed
to the larger lift coefficient produced by the wing with
the full-span droop over this angle-of-attack range.

The effect of aileron deflection on the flow cor-

rection is shown in figure 19. In order to average
the data from the right and left sensors, two wind-
tunnel runs were conducted, one with both ailerons
deflected down and the other with both ailerons de-

flected up. A full-down deflection of both ailerons
slightly increases the flow correction, whereas a full-
up deflection of both ailerons slightly decreases the
flow correction. This change in the flow correction
is related to the change in lift and drag on the wing
caused by deflection of the ailerons. To apply this
correction to the case in which the ailerons are fully
deflected, the "up" correction would be applied to
the angle of attack measured in front of the wing with
the aileron deflected up, and the "down" correction
would be applied to the angle of attack measured in
front of the wing with the aileron deflected down.

Both leading-edge modifications and aileron de-
flections seemed to change the flow correction. How-
ever, the differences were never larger than 4-1 ° and
often much less. These differences were within the

repeatability of the angle-of-attack measurements.



Therefore,the basiccorrectionfrom figure16could
be usedto correctmeasuredangle-of-attackdata,
evenwhena leading-edgemodificationwasaddedto
the wingor whenthe aileronsweredeflected.

Effect of angle of sideslip. The effect of the angle
of sideslip on the angle-of-attack flow correction was
also investigated. Figure 20 shows the flow correction
as a function of the measured angle of attack for the
right flow direction sensor. At angles of attack larger
than 50 ° , the flow correction is reduced for positive
angles of sideslip and is increased for negative angles
of sideslip. It is possible that this result is due to

increased lift at the right wingtip for negative sideslip
angles and decreased lift for positive sideslip angles.

Basic angle-of-sideslip flow correction.. The flow
correction to be applied to the angle-of-sideslip mea-
surements for the basic model is shown in figure 21
as a function of the average measured angle of at-
tack. This figure shows that the sideslip flow cor-
rection is also significant. The correction reaches a

maximum of about 7° at the large measured angles
of attack. This means that at the sensor location the

local flow is skewed outboard by up to 7 ° at each
wingtip. To correct the measured sideslip angles, the
average angle-of-sideslip flow correction presented in
figure 21 should be added to the measured sideslip
angle at the right sensor and subtracted from the
measured sideslip angle at the left sensor.

Effect of full-span droop modification. The effect
on the sideslip flow correction of adding the full-
span leading-edge droop modification to the model
is shown in figure 22. The main difference is that the

addition of the wing modification reduces the sideslip
flow correction over an angle-of-attack range from
15° to 55° . The model has more lift in this angle-of-
attack range with the leading-edge modification on
the wing. This increases the wing loading and may
tend to reduce the spanwise flow, thus reducing the
sideslip flow correction in this region.

Effect of angle of sideslip. Figure 23 shows the

effect of the angle of sideslip on the angle-of-sideslip
flow correction as a function of the measured angle
of attack for the left flow direction sensor. At the

large angles of attack, the sideslip flow correction
at the left sensor is reduced for positive angles of
sideslip and increased for negative angles of sideslip.
As was indicated earlier, a positive sideslip angle may
increase the lift at the trailing wing (the left wing)
whereas a negative sideslip angle may decrease the
lift at the leading wing (the left wing). An increase

in lift at the wingtip may reduce the spanwise flow
and thus reduce the angle-of-sideslip flow correction
for positive sideslip angles, as shown in figure 23.

Effect of angle of attack. The variation of the
angle-of-sideslip flow correction with the measured
angle of sideslip, for different angles of attack, is
shown in figure 24. At low angles of attack the
sideslip flow correction is basically unchanged by
the angle of sideslip. However, at larger angles of
attack, the sideslip flow correction exhibits a strong
dependence on the sideslip angle. Again, it can be
seen that the sideslip flow correction increases with
the angle of attack.

Rotary Wind-Tunnel Tests

The previous section presented the results of
the flow correction determined by static wind-tunnel
tests. This flow correction could be applied to angle-
of-attack data measured onboard an airplane during
a spin. Since the spin is a rotational flight condition,
however, it is possible that a statically determined
flow correction would not be adequate in this situ-
ation. To determine if the static correction could

be used, the effect of rotation on the flow correction
was investigated. For this investigation the rotary-
balance apparatus in the Langley Spin Tunnel was
used. Figure 25 compares this rotary data with the
static flow correction obtained in the Spin Tunnel.
The two sets of data agree fairly well, and thus it
appears that the presence of rotation does not affect
the statically determined flow correction.

Level Flight Tests

The airplane was flown in steady, straight and
level flight to determine a low-angle-of-attack flow
correction. Since these data were not available for
the basic airplane, data taken with the outboard

droop modification on the wing were used. Figure 26
shows the comparison of the static wind-tunnel data
to the low-angle-of-attack flight data. It can be seen

that the wind-tunnel and flight data are in general
agreement in this angle-of-attack range.

Spin Flight Tests

Data from 15 steady spins were analyzed using
the three methods described in appendixes B to D.
Some spins with different leading-edge modifications
were used in order that different spin modes could

be found to cover a range of measured angles of
attack. Data were also used from spins in which the
rockets were fired in a prospin direction to obtain

spin modes at large angles of attack. The 15 steady
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spins covered an angle-of-attack range from 33° to
91°. Method 3 was applied to two spirals in which
the angle of attack was below 30 ° . About 40 percent
of the spins analyzed were left spins. In general, data
are shown for the spins for which each method worked
the best. However, in order to show data over a large
angle-of-attack range, some data are shown in which
the method did not work as well as was hoped.

Figure 27 compares the results of the three meth-
ods used to analyze the spin flight data with the
static wind-tunnel data. The results of methods 1

and 2 each applied to eight spins are shown by the
figure. Method 1 used the measured angular rates of
the airplane to determine the true angle Of attack of
the airplane, whereas method 2 used the measured
linear accelerations. Figure 27 also shows the results
of method 3 applied to seven spins and two spirals.
Method 3 used both the measured angular rates and
linear accelerations as well as the vertical velocity to
calculate the true angle of attack of the airplane.

In general, methods 1 and 3 usually underesti-
mated the angle-of-attack flow correction, whereas
method 2 usually overestimated the flow correction.
For the data shown in figure 27, statistical analysis
showed that the results of method 3 agreed with the
model flow corrections better than did the results of

methods 1 and 2, and that methods 1 and 2 agreed
about the same. For all the data analyzed, statistical
analysis showed that method 3 had a standard devi-
ation about 7.5 percent lower than that of method 1.
Overall, method 2 did much worse than both meth-
ods 1 and 3. The fact that method 3 gave the best
agreement may be attributed to the fact that, un-
like methods 1 and 2, method 3 does not require the
spin axis to pass through the center of gravity of the
airplane.

Methods 1 and 3 did not produce conclusive re-
sults for the sideslip angle during the spin; there-
fore, no angle-of-sideslip flow correction data are pre-
sented. In general, both methods indicated the gen-
eral trends shown by the wind-tunnel data; however,
there was an offset between the sideslip flow correc-
tion determined in flight and the correction measured
in the wind tunnel.

Although there is some scatter in the flow correc-
tion determined by these three methods, the methods
do indicate the trends and magnitude of the static
wind-tunnel data. Thus, if no wind-tunnel data are
available, these methods could be used to get an es-
timate of the angle-of-attack flow correction.

Summary of Results

An investigation has been conducted into the na-
ture of corrections for flow direction measurements

obtained with wingtip-mounted sensors. Corrections
to be applied to the angles of attack and sideslip,
measured by sensors mounted in front of each wingtip
of a general aviation airplane, have been determined.
These flow corrections have been obtained from both

wind-tunnel and flight tests over an angle-of-attack
range from 0 ° to 85 °. The effects of flow param-
eters and configuration modifications on the angle-
of-attack and angle-of-sideslip flow corrections have
been determined. However, the wind-tunnel tests
were conducted at a low Reynolds number and these

general aviation configurations have a known sen-
sitivity to Reynolds number. Therefore, the wind-
tunnel-determined flow correction can be used to pro-
vide only an approximate estimate of the true angle
of attack of a full-scale airplane. The results of this
investigation may be summarized as follows:

1. The flow corrections to be applied to both

the measured angle of attack and measured angle of
sideslip were found to be substantial.

2. The angle-of-attack flow correction appears to
be a function of the longitudinal aerodynamic forces

acting on the model.
3. The effects of wing configuration changes on

the angle-of-attack flow correction were found to be
small.

4. The angle of sideslip had a significant effect
on both the angle-of-attack and angle-of-sideslip flow
corrections at large angles of attack.

5. The presence of spinning rotation did not ap-
preciably alter the angle-of-attack flow correction.

6. The angle-of-attack flow correction determined
from the static wind-tunnel tests was in agreement
with the correction determined in level flight.

7. The best results were given by the least re-
strictive of the three analytical methods used to de-
termine the flow correction during steady spins.

8. If wind-tunnel data are not available, it would
be preferable to use results from any of the three
methods to estimate the angle-of-attack flow correc-
tion in a spin than not to apply a correction at all.

NASA Langley Research Center
Hampton, VA 23665-5225
June 7, 1985
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Appendix A

Transferring Measurements to the Center of Gravity

The flow direction and velocity sensors measured the angles of attack and sideslip and the true airspeed in
front of each of the wingtips. During a spin, these measurements were different from each other and different

from the velocity and the angles of attack and sideslip that the c.g. of the airplane was experiencing. So in

order to determine the velocity and the angles of attack and sideslip of the airplane, the sensor measurements
were transferred to the c.g. of the airplane.

In transferring these measurements, the flow direction and velocity sensor readings were first converted to
body velocity components at the sensors. Thus,

Us(i) = VT,m(i) "cos (_m(i) "cos t3m(i)

vs(i) = UT, m(i) sin/_m(i)

Ws (i) = VT, m (i) sin O_m (i)- COS/_m (i)

(A1)

where (i) denotes either right or left.

The body velocities at the sensor were transferred to the center-of-gravity location by using the corrections
for vehicle rotation as follows:

Ucg(i) ----us(i) + r . y(i) - q . z(i)

Vcg(i) = vs(i) + p . z(i) - r . x(i) i (A2)Wcg(i) -- Ws(i) + q . x(i) - p . y(i)

The body velocities at the center-of-gravity location were then averaged as follows:

Ucg(L) + Ucg(R)
Ucg : 2

Vcg(n) + Vcg(R)
Vcg -- 2

Wcg(L) + Wcg(R)
Wcg : 2

(A3)

where L and R denote left and right, respectively.

Finally, these averaged body axis velocities were reconstructed into the desired quantities at the c.g. of the
airplane:

O_m,cg ----tan -1 (Wcg/Ucg) (A4)

vT,m,cg= + +w g)1/2 (A5)

/_m,cg ----- sin -l(vcg/uT,m,cg) (A6)
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Appendix B

Calculation of Angles of Attack and Sideslip Using Method 1

Method 1 used the angular rates of the airplane to determine the true angles of attack and sideslip of

the airplane during a steady spin. It was assumed that the airplane velocity vector was oriented along the
angular-velocity vector. This assumption made it possible to transfer the airplane angular-velocity vector from

the wind axis system to the body axis system, as indicated in reference 20. Thus,

Y2b = Lbw_w (B1)

=,, os cos  °s°sn }sn 0
r Lsin at cos/_t - sin (_t sin/_t cos at J 0

(B2)

p = f_ cos (_t cos/_t (B3)

q = f_ sin/_t (B4)

r = f_ sin st cos fit (B5)

Equations (B3) and (B5) were combined to give the true angle of attack at the center of gravity of the airplane
in a steady spin:

Olt,cg = tan -1 (r/p) (B6)

The equations for the angular rates could also be used to compute a true angle of sideslip at the center of

gravity of the airplane in a steady spin. Equations (B3) and (B4) were combined to yield:

/3t,cg = tan-1 ( q'c°sp °_t'cg ) (B7)
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Appendix C

Calculation of Angle of Attack Using Method 2

Method 2 used the linear accelerations of the airplane to determine the true angle of attack of the airplane

during a steady spin. Because the airplane was in equilibrium during a steady spin, the sum of the forces

acting on the airplane in any particular direction had to be 0. It was assumed that the velocity vector was

aligned with the gravity vector. So for equilibrium, the aerodynamic force along the velocity vector had to be

equal and opposite to the gravity force acting on the airplane. Thus,

where

Fw = -Fg (C1)

F_ = ma w

Fg = mg

The body-axis accelerations were resolved, as indicated in reference 12, to yield an acceleration along the

velocity vector:

aw = g[(ax cos olt + az sin at) cos /3 + ay sin /3] (C2)

Therefore,

Then,

Let

Then,

Therefore,

maw = -rag

mg[(ax cos at + az sin at) cos /3 + ay sin /3] =-rag

(ax cos at +az sin at) cos /3 + ay sin _ =-1

ax cos at+az sin at=-(l+ay sin /3)/cos /3

C = (1 + ay sin/_)/cos /_

az sin at =-ax cos at- C

az2 sin 2 at = a 2 cos 2 at + 2axC cos at + C 2

az2-a2z cos 2at=a 2 cos 2at+2axC cos at+C 2

(a2x + a2z) cos 2 at + 2axC cos at + C 2 - az2 = 0

-2axC ± v/4a2zC 2 - 4 (a 2 + a2z) (C 2 - az2)
cos at =

2 (a 2 + a2z)

-axC 4- _/a2x C2 - a2C 2 - a2zC2 + a2a2z + a 4

cos at= a2+az 2

-axC ± az_/a 2 + a2z - C 2

cos at= a2+a2 z

where the negative sign gives the desired root. Then,

  =cosl(axCaz a +a zC2)a +

(C3)

(c4)

(C5)

(C6)

(C7)
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Appendix D

Calculation of Angles of Attack and Sideslip Using Method 3

A set of relations may be developed that can be used to calculate the angles of attack and sideslip of an
airplane in a steady spin. Method 3 was proposed in reference 19 and is rederived here in a more complete
manner. This method utilizes the linear accelerations, angular rates, and the vertical velocity to compute the
true angles of attack and sideslip at the center-of-gravity location of the airplane.

Because some of the measurements are made with respect to the airplane body axes (the linear accelerations
and angular rates) and others with respect to the ground axes (the vertical velocity), the relationship between
the two axis systems must be determined.

The ground axis system has its origin at the center-of-gravity location of the airplane. The Zg-axis points
vertically downward and is aligned with the gravity vector. The Xg-axis is in the horizontal plane and points
through the spin axis. The Yg-axis is in the horizontal plane and is mutually perpendicular to the Xg- and
Zg-axes. The ground axis systems turn with the center-of-gravity location of the airplane as the airplane travels
in a helical path about the spin axis. Figure 28 shows an instantaneous arrangement of the ground axis system.

The angular velocity of the airplane about the spin axis in the body axis system may be determined from
the body angular rates as

12 = pi + qj + rk

[12[ : (p2 + q2 + r2)1/2

However, the spin axis is vertical in the ground axis system; thus,

12 = [121K

For an equilibrium spin, the resultant-force or resultant-acceleration vector must be located in the XgZg-
plane. Figure 29 shows the relationship between the resultant-acceleration and resultant-rotation vectors. The
resultant acceleration may be determined by the measured body linear accelerations:

A = axi + ayj + azk

By using the law of cosines, the angle between the resultant_acceteration and resultant-rotation vectors may
be found as follows:

IA - nl e = tAI2+ Inl2 - 2IAI. Inlcos

(A - f/). (A - f/) = A. A +/2. f/- 21AI" If/Icos

A • A - A • 12 - A •f/+ f/• f/= A • A + f/. f/- 2IAI • [f/lcos a

2A-f/= 21AI-If/Icos

A-f/
COS O"----

IAI. If/I

axp + ayq + azr
COS O" ----

IAI. If/I

Once a is known, the resultant-acceleration vector can be transferred into the ground axis system. Thus,

IAxI = [A[sin a

IAzI = IA] cos a
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Sincethe airplaneis in equilibrium,the aerodynamicaccelerationin the verticaldirectionmustbeequal
andoppositeto the accelerationof gravity. In otherwords,

iAzl = ]g

The center of gravity of the airplane exhibits a circular motion in the XgYg-plane; thus, the velocity in this
plane is in the Yg-direction only (i.e., U = 0). Also, the aerodynamic acceleration in the Xg-direction must be
equal to the centrifugal acceleration in order for the airplane to be in equilibrium. Thus,

]Axlg = Ac

VT: I_IRs

A_-/ I__,_,2R_=IAxIg
R8

iAxig
Rs- i_i2

Ac VTI_IRs _ IAxlg
Rs

VTlal = IAxlg

VT--[Axlg
lal

IVTI ---- (U 2 + V 2 + W2) 1/2

W = -h U=O

IVTI----IV2 + (-h)2] 1/2

6 ----tan-1 (V/-h)

Next, we define a vector X_ that is parallel to the Xg-aXis and intersects the resultant-acceleration vector
at unit distance from origin (fig. 29):

- ,_ A
xg IAI cos al_--[

The direction components of X_ in the body axes are

i ax p-- COS o--
Ihi ini
ay q

J- IAI cos O-lr_--].

k- az rCOS o'--

ihi i_i
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i×S)=(N+I,l+),i')'/'
The Y;-axis is mutually perpendicular to the X;- and Z;-axes and its direction may be found by the

definition of orthogonality:

I.J=0

J.J=l

K.J=0

The direction cosines of the Yg-aXis in the body axes are found by the solution of the following direction
cosine equation:

t_x
@

lz

Using Cramer's rule of determinants gives

mxl/}/)n X gy 0

ny = 1my my

mz nz ny 0

gy = - mx nx = mznx - mxnz
mz nz

or

or

and

or

q k 2' r

my = I gx gxnz _ gznx
nX

_z nz

i r p. k

my- IX_lI_l I_1IX_l

ny = -- gx mx = _.zm X _ _Xmz
_z mz

p j i q

ny -- ifll IX_l IX_lI_l

Next, the direction cosines in the ground axis system are determined. The direction cosines of the flight
path are

e" = o

iV
t = + sin 5 -m v

iVTI -, right spins;)+, left spins

' A/IVIn v = cos 8 = - T

The direction cosines of the Yb body axis are
#

gy = m X

# =mymy
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I = ..bm Zny

The direction cosines of the X b body axis are

right spins; )+i- left spins

g_x = gX

m x = £y

(:: right spins; _nix = 4-gz left spins ]

The relationship between a line and a plane is used to find the ground flight path components in the body
system of axes. Thus,

sint3t-- v _ i _ _ i
IVT] -- _.vgy q- mvmy + nvny

( i r p k) (±_)sin/3t = -t-sine I:K_ I 1/21 1/21 ix_l +cos e

fit = sin -1 _ IJ(_l lel lel Ix_l + IVTI

'/_ I I ! I I I

cos # -- JVTB -- £vtx + mvm= + nvnx

:t:V ( q k j r ) -]t 4-pcos. = JVTI Ier IX_,l- IX_,/Iel + IVrl Iel

cos /3t = (u 2 + w2)I/2/IVTI

COS OCt = lt/(tt 2 + W2) 1/2

cos at = cos _/cos 5t

Ott ---- COS -1 (COS #/COS 13t)
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TABLE I. CHARACTERISTICS OF RESEARCH AIRPLANE

Airplane:

Maximum gross mass (normal category), kg (lbm) ......... 1111.30 (2450)
Engine power, kW (hp) ...................... 134.23 (180)
Propeller diameter, m (ft) ..................... 1.93 (6.33)
Length, m (ft) .......................... 7.84 (25.73)
Height, m (ft) .......................... 2.50 (8.20)

Wing:

Airfoil ........................... NACA 632A415
Span, m (ft) . ......................... : 9.98 (32.75)

Area, m 2 (ft 2) .......................... 13.56 (146)
Chord, m (ft) ........................... 1.34 (4.39)
Mean aerodynamic chord, m (ft) ................... 1.34 (4.39)
Aspect ratio .............................. 7.35
Dihedral, deg ............................. 6.5

Aileron span, m (ft) ........................ 1.64 (5.38)

Aileron area (each), m 2 (ft 2) ..................... 0.64 (6.93)

Aileron chord, m (ft) ........................ 0.39 (1.29)
Vertical tail:

Airfoil ....................... Modified NACA 631A012

Area, m 2 (ft 2) ........................... 1.36 (14.6)

Rudder area, m 2 (ft 2) ........................ 0.43 (4.62)
Length (quarter chord of wing to quarter chord of vertical tail),

m (ft) .............................. 4.14 (13.6)
Horizontal tail:

Airfoil ....................... Modified NACA 631A012

Area, m 2 (ft 2) .......................... 2.51 (27.0)

Location of flow direction and velocity-sensor pivot point:

Outboard from airplane centerline, m (ft) .............. 4.41 (14.47)
Forward from leading edge of wing, m (ft) .............. 1.06 (3.49)

Maximum control surface deflections:

Ailerons, deg ......................... 20 up, 10 down
Stabilator, deg ......................... 15 up, 2 down
Rudder, deg .......................... 25 right, 25 left
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TABLE II. MEASUREMENTSUSEDTO CALCULATEFLOW
CORRECTIONSiN FLIGHT

Measurement Instrumentrange
VT (right and left), m/see (mph) . .

(right and left), deg .......

(right and left), deg .......

h, m (ft) .............

Xb-axis acceleration, ax, g units .

Yb-axis acceleration, ay, g units .

Zb-axis acceleration, az, g units .

q, deg/sec ............

p, deg/sec ............

r, deg/see ............

h, m/see (ft/min) .........

0 to 89.41 (0 to 200)

-30 to 150

-60 to 60

-152.4 to 2895.6 (-500 to 9500)

-1 to 1

-1 to 1

-6 to 3

-100 to 100

-290 to 290

-290 to 290

-10.16 to 10.16 (-2000 to 2000)

2O
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Figure 1. Definition of body axis system. Arrows indicate positive direction of quantities.
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Figure 2. Spin research airplane in flight.
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Figure 3. Three-view drawing of spin research airplane. Dimensions are given in meters (feet).
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Figure 4. Flow direction and velocity sensor used in flight tests.
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Figure 5. Photograph and sketch of wing leading-edge droop modification.

25



73.5 (28.9)_--_

t !

166.4(65.5)

17.7 (7.0)

+
22.3 t8.8)
_3__

Figure 6. Drawing of 1/6-scale model. Dimensions are given in centimeters (inches).
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Figure 8. Model mounted in the Langley 12-Foot Low-Speed Tunnel.
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(b) Determination of measured angle of attack when sensors were mounted on model.

Figure 9. Definition of angles measured to determine the angle-of-attack flow correction.
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Figure10.Modelmountedon rotary-balanceapparatusin theLangleySpinTunnel.
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Figure 11. Effect of Reynolds number on lift characteristics of model of low-wing general aviation configuration.
Data taken from reference 17.
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(b) Definition of angle-of-sideslip flow correction.

Figure 12. Definition of angle-of-attack and angle-of-sideslip flow corrections.
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Longitudinal force and moment data for model with no tails. /3 = 0°; R = 0.27 x 106.
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Figure 14. Effect of leading-edge modifications on lift coefficient of model with no tails, fl = 0°; R = 0.27 x 106.
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Figure 15. Average true angle of attack plotted against average measured angle of attack for basic model from
static wind-tunnel tests, fl = 0°; R = 0.27 x 106.
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Figure 16. Average angle-of-attack flow correction for basic model determined from static wind-tunnel tests.
= 0°; R = 0.27 x 106.
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Figure 17. Effect of outboard leading-edge droop modification on average angle-of-attack flow correction
determined from static wind-tunnel tests. # = 0°; R = 0.27 x 106.
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Figure 18. Effect of full-span leading-edge droop modification on average angle-of-attack flow correction

determined from static wind-tunnel tests, t3 = 0°; R = 0.27 x 106.
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Figure 20. Effect of angle of sideslip on angle-of-attack flow correction determined from static wind-tunnel
tests. R = 0.27 x 106.
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determined from static wind-tunnel tests. # = 0°; R = 0.27 x 106.
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